Rock varnish, erosional grooves, and well-developed cavernous weathering phenomena occur in close association on a small biotite-monzogranite nunatak in the Northern Foothills region, Northern Victoria Land, Antarctica. The grooves, similar in appearance to the 'rinnenkarren' described in the karst literature, are developed on steeply inclined (>35°) bedrock surfaces while the rock varnish occurs on adjacent, more gently sloping (<15°) bedrock surfaces. The varnish forms a resistant carapace through which small weathering pits have developed and below which are large cavernously weathered hollows (taffoni). We argue that the intimate association between the grooves and the rock varnish indicate the nunatak has been exposed to a long period of subaerial weathering. The preservation of both phenomena supports (a) the idea that landscape modification in this exceptionally cold and arid region of Antarctica is very slow and (b) the long-term stability of the Antarctic ice sheet.
INTRODUCTION
We have recently described unusual grooves, or rock 'furrows' (French and Guglielmin, 2002) , from the summit of Mount Keinath (74°34 0 S; 163°5 7 0 E), a small nunatak located approximately 30 km inland from the Italian PNRA Terra Nova Bay research station in Northern Victoria Land, Antarctica (Figure 1 ). Previously, aspects of the geomorphology and geocryology of the ice-free areas surrounding the PNRA station have been described (French and Guglielmin, 1999 , 2000a , 2000b and earlier literature is referenced in these papers. The present report documents additional weathering phenomena that we observed on the Mount Keinath summit and discusses their implications for periglacial landscape evolution and the long-term stability of the Antarctic ice-sheet.
The nunatak rises approximately 250 m above the level of the current trim-line and reaches a maximum height of 1090 m a.s.l. The bedrock is a biotite-monzogranite of Ordovician-Devonian age, mapped as part of the Granite Harbour Intrusives (Carmignani et al., undated; Baroni 1996) . Visits to the summit were made on several occasions during November 1998.
CLIMATIC CONDITIONS
PNRA climatic records from the Tourmalene Plateau automatic weather station (AWS 7536; Baroni, 1996) , located on the Priestley Glacier at an elevation of 1700 m a.s.l., are probably the most representative of the conditions experienced on the Mount Keinath summit. Station AWS 7536 indicates average air temperatures of 25 to 30°C for the seven month period from March to October. These rise to maxima of only 10 to 15°C in December and early January. Therefore, given the lower elevation of Mount Keinath, we should assume that the probable maximum air temperature in summer on the summit rarely exceeds 5°C and the probable mean annual air temperature (MAAT) is somewhere between 10 and 20°C.
An automatic weather station, installed on the summit subsequent to our initial field investigations, indicates maximum air temperatures of less than 2°C in summer. However, rock surface temperatures may be considerably higher due to both direct and indirect (i.e. snow albedo) solar radiation, as stressed in general terms by Hall and André (2001) . Occasional surface temperatures in excess of 20°C might reasonably be expected on sunny spring days, even when air temperatures are well below zero. We have no data concerning precipitation but, in common with most other nunataks in Eastern Antarctica, this occurs almost entirely in the form of snow. It is probably less than 100 mm per annum. In keeping with its elevation, the summit probably avoids the strong and persistent katabatic winds that flow from the interior plateau along the large valley glaciers. Nevertheless, winds are still strong.
WEATHERING PHENOMENA
Interesting combinations of geomorphological phenomena on the Mount Keinath summit illustrate some of the peculiarities of granite weathering in this exceptionally cold and arid environment.
First, the grooves are micro-scale phenomena (Figure 2 ), remarkably similar in form to the rinnenkarren mentioned in the karst literature. They run down the steeper (>35°) rock surfaces and disappear beneath the perennial ice covers that surround the nunatak. For the most part, the grooves are straight, and typically 10-30 cm deep and 20-80 cm wide. Morphometric and other details are given in French and Guglielmin (2002) .
A second characteristic of the exposed bedrock on the summit is the occurrence of a distinctive, reddishbrown (5YR 5/8) rock varnish. This is present, not within the grooves but on the adjacent, more gently inclined (<15°) bedrock surfaces ( Figure 3 ). These surfaces are often broken, or 'pitted', by small circular or near-circular hollows. Almost certainly, these are granite weathering pits that have been either accentuated or delineated by the relatively more resistant rock-varnish surface. For example, at the locality illustrated in Figure 3 , the rock varnish forms the exterior, case-hardened, surface of a 10 cm thick carapace that has developed over an exfoliated granite slab, ¾1.0 m thick, that has been completely consumed by cavernous weathering from beneath. The case-hardened surface however, is pitted with 'windows' or holes, indicating that, as the cavernous weathering progressively enlarges beneath the hollow beneath the rock-varnish carapace, it 'captures' the hollows or pits that had previously developed on the surface.
It was not possible to identify any simple field relations existing between the grooves and the rock varnish, except to observe that the steep bedrock outcrops where the grooves were developed did not display rock varnish. On the other hand, the taffoni phenomena are among the best that we have observed in the Northern Foothills region. It seems probable that they have been enhanced and/or preserved by the protective case-hardening provided by the rock varnish. The morphological and spatial relationships between the various phenomena, as inferred from our field observations, are summarized in Figure 4 .
THE WEATHERING PROCESSES
Our comments here are speculative and require further field investigation.
Because of the sub-zero MAAT experienced on the summit of Mount Keinath, traditional freeze-thaw can be largely discounted as the primary weathering process for the grooves, pits and cavernous hollows described. Instead, attention must focus upon thermal conditions rather than moisture conditions. For example, the dark monzogranite bedrock probably experiences exceptionally high surface temperatures, especially in the spring when air temperatures remain far below zero. This is because of the high quantities of both direct and reflected solar radiation that would be received at that time of year. Reflected solar radiation from the surrounding perennial snow and ice covers would be especially important. We have suggested elsewhere (French and Guglielmin, 2002 ) that these high rock-surface temperatures could result in the repeated thawing and refreezing of any snow or ice particles that might be present and that this might be the mechanism of erosion of the grooves. Equally, we have suggested (French and Guglielmin, 2000b ) that granitic rocks experience mechanical weathering under cryogenic conditions through the preferential disintegration of the quartz minerals. This is probably due to the freezing of saline gas-liquid inclusions at sub-zero temperatures in micro-cracks on the surface of the quartz particles (see Konischchev, 1982; Konischchev and Rogov, 1993) . However, the increasing brittleness of quartz at low temperatures may also be important, as might be thermal shock and/or thermal stress fatigue acting upon the different minerals within the rock. In summary, we suggest that erosion of the grooves occurs by mechanical weathering, whereby shortlived episodes of meltwater activity that result from high (i.e. above-zero) surface temperatures remove rock fragments that have been produced by the preferential disintegration of quartz grains at sub-zero ground temperatures.
The role played by the rock varnish is to act as casehardening, thereby enhancing the development and preservation of cavernous (taffoni) weathering. It is significant that the varnish occurs only on the lowerangled rock surfaces which, presumably, receive less heating than steeper slopes. Moreover, the potential energy of running water to effect groove erosion is much less than on the steeper slopes.
Thin sections provide support for both the weathering processes that are being proposed and the nature of the protective rock varnish. For example, two sections, viewed under cross-polarized light, are illustrated in Figure 5 . In common with other granitic rocks examined from the immediate vicinity of the PNRA Terra Nova station (e.g. see French and Guglielmin, 2000b, Figures 3 and 4) , the quartz minerals display large open fractures while the feldspars appear relatively undisturbed ( Figure 5A ). The apparent susceptibility of the quartz particles to disintegration, as compared with the feldspars, is unusual but unequivocal.
The rock varnish consists of cumulative layers of reddish-brown material, as much as 0.05 mm thick in places ( Figure 5B ). It is interpreted as the result of the oxidation of ferrous minerals, especially those contained within the biotite of the Mount Keinath monzogranite. It is traditionally assumed that iron oxides coat the feldspar grains and any other relatively unweathered minerals at the rock surface to give the characteristic reddish-brown stain (e.g. see Glasby et al., 1981; Campbell and Claridge, 1987, 124-129). Some investigators (e.g. Dorn et al., 1992; Dorn and Oberlander, 1982) argue that a biogeochemical origin should also be considered but, in the case of Mount Keinath, we prefer to stress the link between the iron oxide and the biotite. Whatever its precise origin, the rock varnish results in the rock exterior becoming sufficiently cemented to prevent the intergranular movement of salt solutions. Thus, the rock varnish, once formed, acts to enhance and preserve any cavernous weathered that might develop beneath the rock.
DISCUSSION
Our discussion focuses upon the significance of our observations as regards landscape evolution in this extremely cold and arid environment and the nature of Quaternary glaciation.
The hypothesis that the grooves are meltwater erosional micro-forms was first proposed by Bardin (1962 Bardin ( , 1964 . Later, Richer (1985) proposed a subglacial origin. Because of the absence of striations or other evidence of subglacial erosion, the latter explanation is discounted. Instead, we argue that mechanical weathering on the steeply inclined bedrock surfaces, resulting from either thermal shock or saline-induced cryogenic freeze-thaw oscillations, or both, would initially loosen grus-sized particles. These would then be removed by snowmelt. Once initiated, the grooves would act to further localize mechanical abrasion by inducing small wind vortices carrying snow crystals at extremely low temperatures. It seems fair to infer that the erosion of granite by these means must be an exceedingly slow process.
Rock varnish is also regarded as an extremely slow weathering process. Referring specifically to Antarctica, Campbell and Claridge (1987, 127-129) state that the 'surfaces on which pitted and stained rocks are found are always old, of the order of a million years or more'. In all probability, therefore, the longevity of exposure of the Mount Keinath summit would explain not only the rock varnish but also why the erosional grooves have been able to develop.
The time when glaciation commenced in Antarctica is unclear but it is now assumed to be during the mid-Miocene (Bartek et al., 1996; Denton et al., 1993) . In Northern Victoria Land, Armienti and Baroni (1999) conclude that there was a change from warm-based to cold-based glaciers approximately 7.5-8.2 Ma. Since then, we can assume that the summit of Mount Keinath has been largely 'fossilized', remaining in a deeply frozen, permafrost state. Apart from the slow formation of the micro-erosional grooves and the continued surface hardening via slow rock-varnish accretion, the only active process is the cavernous weathering occurring beneath the rock varnish. In fact, we must assume very little landscape modification for several millions of years. Any other interpretation, involving either burial beneath a moving, warm-based continental ice cover, or subaerial exposure to intense freeze-thaw and the significant action of other periglacial weathering and erosional processes, would have led to the erosion, modification or destruction of both the grooves and the rock varnish.
CONCLUSIONS
Although we are unsure as to the correct geomorphological significance of the grooves, we believe their occurrence in close association with rock varnish supports the concept of a very slow rate of landscape evolution in this cold and arid environment. We suggest that our observations support other studies from Southern Victoria Land (e.g. Sugden et al., 1995; Summerfield et al., 1999) that stress the long term stability of the Antarctic ice sheet, and we imply that this concept should now be extended to the high, ice-free summits of Northern Victoria Land.
